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The main point raised in the Comment of Huopaniemi
et al. [1℄ onerns the saling of the mean time 〈τu〉 it
takes a polymer of length N , threaded halfway in a nar-
row pore, to unthread, in the absene of any external eld
or pulling fore on the polymer (i.e., for unbiased trans-
loation). As argued in our paper [5℄, the mean dwell
time 〈τd〉 that a transloating polymer spends in the pore
sales with polymer length N in the same way as the un-
threading time. We speially studied this for polymers
in three dimensions, whose dynamis is desribed by the
ombination of reptation and Rouse dynamis; i.e., hy-
drodynamis is negleted.
On the theoretial side, a relevant time sale for this
problem is the Rouse time τR, whih is the longest time
sale for a polymer in bulk solution to relax in the ab-
sene of external fores. As a funtion of polymer length
N , the Rouse time sales as τR ∼ N1+2ν . We veried
that this saling holds in the lattie polymer used in our
simulations, and also that the Rouse time is the longest
time sale for a polymer tethered to a xed membrane
[6℄. Sine the mobility of a polymer threaded in a pore
will not exeed that of an unrestrited polymer, it follows
that 〈τd〉 ≥ τR [2, 5℄. In the existing literature, there is
no theoretial argument for this inequality to redue to
an equality. There is however numerial evidene in 2D
that is inequality is saturated in Ref. [2℄, as well as in
the Comment and the earlier works of the authors of the
Comment. With the number s of the monomer loated in
the pore taken as a reation oordinate, a onsequene of
the above inequality is that the diusion of this reation
oordinate has to be anomalous, i.e. the mean squared
displaement 〈∆s2(t)〉 ∼ tα with an anomalous dynamis
exponent α ≤ 2/(1 + 2ν). Again, there is no theoretial
argument why also this inequality should be saturated.
Sine both α and the saling 〈τd〉 ∼ τR in Ref. [2℄ were
obtained solely from a single set of simulations to alu-
late 〈τd〉, our rst remark onerns the fatual misrep-
resentations by the Comment's authors, to suggest that
the results of Ref. [2℄ are well-established. The authors
of the omment wished to settle these with simulations
alone.
There is plenty of numerial evidene that points to-
wards dierent saling of 〈τd〉 than τR, both in 3D and
in 2D. In our paper we reported a numerial exponent
2.40± 0.05 for unbiased transloation in 3D [5℄. Another
group, using a ompletely dierent polymer model, re-
ported an exponent 2.52± 0.04 [7℄. In subsequent works,
we have provided a full theoretial desription of this
problem, leading to the result 〈τd〉 ∼ N2+ν both in 3D
[6, 8℄ and in 2D [9℄. This theoretial desription is sup-
ported by high-preision numerial simulations, for whih
the 3D results we provide below in Table I.
N τu τu/N
2+ν
100 65136 0.434
150 183423 0.428
200 393245 0.436
250 714619 0.445
300 1133948 0.440
400 2369379 0.437
500 4160669 0.431
Table I: Median unthreading time over 1,024 runs for eah value
of the polymer length N in 3D. Data taken from Ref. [8℄.
The only numerial evidene ontraditing our theory ,
as far as we are aware of, is the newly produed numerial
result in the Comment, and that of Wei et al. [10℄. How-
ever, it is unlear whether the simulations using GRO-
MACS by the Comment's authors or those used byWei et
al. implement purely Rouse and reptation dynamis, as
is the assumption in all theoretial work mentioned here.
Moreover, the authors [1, 10℄ have taken N only up to
200, from whih an attempt to reover saling results for
〈τd〉, in our opinion, is misleading. Speially, sine one
is dealing with a numerial dierene of order 10%, the
disrepany between dierent simulation results an eas-
ily be due to nite-N eets; replaing N by N +
√
N or
N −√N produes double-logarithmi plots in whih the
data an be tted about equally well by straight lines,
however with exponents that deviate easily 10% or more.
We do not believe that this apparent disrepany an be
resolved by simulations alone.
Although the full derivation of the result 〈τd〉 ∼ N2+ν
an be found elsewhere [6, 8, 9℄, for the sake of omplete-
ness we summarize it below.
Transloation takes plae via the exhange of mono-
mers through the pore. This exhange responds to φ(t),
the dierene in hain tension perpendiular to the mem-
brane; simultaneously, φ(t) adjusts to v(t) = s˙(t), the
transport veloity of monomers aross the pore, as well!
With ∆s(t) as the total number of monomers translo-
ated from one side to the other in the time interval [0, t],
2and φ(t) playing the role of hemial potential dierene
aross the pore, the two variables ∆s(t) and φ(t) are
onjugate to eah other in the thermodynami sense. In
the presene of memory eets, they are related to eah
other by φ(t) =
∫ t
0
dt′µ(t− t′)v(t′) via the memory kernel
µ(t), whih an be thought of as the (time-dependent)
`impedane' of the system. This relation an be inverted
to obtain v(t) =
∫ t
0
dt′a(t − t′)φ(t′), where a(t) an be
thought of as the `admittane'. In other words, in the
Laplae transform language, µ(k) = a−1(k), where k
is the Laplae variable representing inverse time. Ad-
ditionally, via the utuation-dissipation theorem, they
are related to the respetive autoorrelation funtions as
µ(t− t′) = 〈φ(t)φ(t′)〉v=0 and a(t− t′) = 〈v(t)v(t′)〉φ=0.
In Ref. [8℄ we showed that µ(t) ∼ t− 1+ν1+2ν exp(−t/τR)
in 3D. This implies that the transloation dynamis is
anomalous for t < τR, i.e., 〈∆s2(t)〉 =
∫ t
0
dt′(t − t′)a(t′),
the mean-square displaement of the monomers through
the pore, behaves as tα1 for some α1 < 1. Beyond the
Rouse time the transloation dynamis beomes simply
diusive. From the behaviour of µ(t) above, it is easily
shown that α1 =
1+ν
1+2ν
: having ignored the exp(−t/τR)
term for t < τR, one obtains µ(k) ∼ k− ν1+2ν , implying
a(k) ∼ k ν1+2ν , i.e., a(t) ∼ t− 1+3ν1+2ν , whih yields α1 = 1+ν1+2ν .
Thus, for t < τR, 〈∆s2(t)〉 ∼ t
1+ν
1+2ν
and for t ≥ τR
〈∆s2(t)〉 ∼ t, whih together yield 〈τd〉 ∼ N2+ν , both
in 3D and 2D. Moreover, using high-preision simulation
data, we demonstrated that in 2D the probability dis-
tribution of the dwell time P (τd), behaves as P (τd) ∼
P(τd/N2+ν)/N2+ν , with a saling funtion P(t) [9℄.
To onlude, to date no theoretial argument has been
reported for why 〈τd〉 should sale as τR. In fat there
is a derivation why the saling with polymer length N
for the two should dier [6, 8, 9℄. Numerial evidene
[6, 7, 8, 9℄ also points towards a saling of 〈τd〉 dierent
from τR, apart from those due to the Comment's authors
and that due to Wei et al. [10℄. The theoretial formalism
that yields 〈τd〉 ∼ N2+ν for unbiased transloation also
works beautifully for transloation mediated by a pulling
fore at the head of the polymer [11℄, and eld-driven
transloation [9, 12℄, providing a solid unied theoretial
understanding of the dynamis of transloation, based on
the well-known laws of polymer physis.
We end our reply with the additional observation that
the expression for 〈τd〉 for pore length L provided in the
Comment [1, 3℄, too, is inorret. There is general agree-
ment that the monomers inside the pore show anoma-
lous diusion with some exponent α ≤ 2/(1 + 2ν), as
disussed above. With this kind of dynamis, the time
to travel over a distane L has to inrease faster than
quadratially.
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